We report superconducting resistive transition characteristics for array(s) of coupled 4-Angstrom single wall carbon nanotubes embedded in aluminophosphate-five zeolite. The transition was observed to initiate at 15 K with a slow resistance decrease switching to a sharp, order of magnitude drop between 7.5 and 6.0 K with strong (anisotropic) magnetic field dependence. Both the sharp resistance drop and its attendant nonlinear IV characteristics are consistent with the manifestations of a Berezinskii-Kosterlitz-Thouless transition that establishes quasi long range order in the plane transverse to the c-axis of the nanotubes, leading to an inhomogeneous system comprising 3D superconducting regions connected by weak links. Global coherence is established at below 5 K with the appearance of a well-defined supercurrent gap/low resistance region at 2 K.
IV characteristics are consistent with the manifestations of a Berezinskii-Kosterlitz-Thouless transition that establishes quasi long range order in the plane transverse to the c-axis of the nanotubes, leading to an inhomogeneous system comprising 3D superconducting regions connected by weak links. Global coherence is established at below 5 K with the appearance of a well-defined supercurrent gap/low resistance region at 2 K. Superconductivity in carbon nanotubes has been controversial because carbon is not known to be a superconducting element, and if there is indeed superconducting tendency in carbon nanotubes [1] (the large curvature of small carbon nanotubes can potentially open electronphonon couplings that are absent in the graphene sheet, thereby enhancing the prospect for superconductivity), its manifestation could be quenched by long wavelength thermal fluctuations as well as by the Peierls distortion that favors an insulating ground state. In this context the earlier report on the Meissner effect in 4-Angstrom carbon nanotube-zeolite composites [2] and the more recent observation of their superconducting specific heat signals [3] have only deepened the mystery on the specific manner in which the nanotube superconductivity comes into being, and on whether there can be a sharp superconducting resistive transition that is usually taken to be the hallmark of a superconductor. Here we show that by devising strategy to make surface electrical contacts to the samples that are separated by only 100 nm, reliable and repeatable observations of the superconducting resistive transition can be obtained. The physical picture which emerges is that of a coupled Josephson array consisting of aligned nanotubes crossing over from an individually fluctuating 1D system to a coherent 3D superconductor, mediated by a BerezinkiiKosterlitz-Thouless (BKT) transition [4, 5] which establishes quasi long range order in the transverse plane perpendicular to the c-axis of the nanotubes. The attainment of overall coherence across the measuring electrodes (denoted as global coherence in this work) is seen at 5 K and below, evidenced by the appearance of a well-defined (differential resistance) supercurrent gap/low resistance region at 2 K. Figure 1 shows both a cartoon picture (Fig. 1a) of the aluminophosphate-five (AFI) zeolite crystal with the fourprobe contact geometry, as well as a scanning electron microscope (SEM) image of an actual sample (Fig. 1b) . Here the sample was prepared by first cutting two troughs in an AFI crystal (50 Â 50 Â 500 mm 3 ) with focused ion beam (FIB, Seiko SMI2050), separated by a 5 mm slice that is perpendicular to the c-axis (Fig. 1a) .
The straight pores of the AFI zeolite have a center-tocenter separation of 1.37 nm, each with an inner diameter of 0.7 nm [6] . They form a 2D close-packed triangular lattice in physica the plane transverse to the c-axis. The 4-Angstrom diameter nanotubes are embedded in the AFI zeolite pores (direct TEM visualization is reported in Ref. [7] ). There can be three types of 4-Angstrom carbon nanotubes that are consistent with optical and Raman data [8] [9] [10] [11] : (5,0), (4, 2) , and (3, 3) . We attribute the superconducting behavior to the (5,0) nanotubes. The AFI zeolite crystal with embedded nanotubes [12] was sputtered with 50 nm of Ti and 150 nm of Au. The electrical contact geometry was subsequently delineated by using the FIB to remove the Au/Ti film in a pre-designed pattern (Fig. 1b) . Here the outer electrodes make end contacts to the nanotubes, whereas the two inner electrodes, each about 2 mm wide, are separated by 100 nm and are on the surface of the AFI crystal. As the nanotubes are only $1 nm below the surface, which is imperfect in any case, the surface contact electrodes enable the measurement of electrical characteristics transverse to the c-axis of the nanotubes. In Fig. 1c and d, we show schematically the twoprobe and four-probe measurement geometries. In the former the two surface-contact electrodes were used. Fourprobe measurements will be presented mainly to delineate the electrical anisotropy through comparison with the twoprobe results, as the difference between the two is essentially the transverse resistance. The transport measurements were carried out in the Quantum Design PPMS, with a 2.1 V series resistance. Both resistance and differential resistance were measured using Keithley 2182A Nanovoltmeter and 6221 AC/DC current source. Figure 2 shows the measured resistance plotted as a function of temperature. There is a sharp drop starting at $7.5 K, which moves to lower temperatures with applied magnetic field (perpendicular to the c-axis in this case). That the transition is sensitive to the magnetic field means that the superconducting behavior must originate from an array of coupled nanotubes at least a few nanometers in its transverse size [13] .
Similar behavior has been observed in three different samples. In the inset to Fig. 2a , we show an enlarged upper section of the curves from 3 to 20 K. For T > 17 K, the curves are very good straight lines with a slight negative slope; the data shown in the inset are measured relative to this straightline asymptote, extended to lower temperatures. They clearly show the initiation of the whole transition process starts at 15 K. While the resistance changes are small, their magnetic field dependence is unmistakable. The four-probe www.pss-b.com result, measured at zero field, is also displayed for comparison with the two-probe case. It is seen that the difference between the two-probe and four-probe results nearly disappeared below 5 K, indicating a clear change in the transverse resistance.
In Fig. 2b , we show the zero field resistance versus temperature data to be in excellent agreement with the prediction based on our interpretation of the 7.5 K transition as a BKT transition with a T BKT ¼ 6.17 K. This is a key point that will be further elaborated, together with the nonlinear IV characteristics below 7.5 K that are consistent with the manifestations of the BKT transition.
In Fig. 3 , we show the magnetoresistance (MR) of the same sample at different temperatures, with the magnetic field applied perpendicular to the c-axis. At 2 K, there is a kink at $2 T. The four-probe and two-probe resistances are almost identical below 2 T, but diverge above that, i.e., the transverse resistance can be turned off at T < 6 K and field below 2 T. Such data serve as the basis for a physical interpretation that is qualitatively different from those presented earlier [14] [15] [16] [17] based on measurements performed on nanotube ropes, in spite of the fact that there are some similarities in the behaviors exhibited by the data. In the inset to Fig. 3 , we show the observed MR anisotropy in a separate but similar sample measured at 5 T. The anisotropy means that a magnetic field perpendicular to the c-axis is more effective in suppressing the superconducting behavior, owing to the diamagnetic current loops that are dominantly along the c-axis of the nanotubes, in contrast to those that are in the transverse plane.
We consider the nanotube arrays to comprise 1D superconducting elements (either single nanotubes or small bundles of nanotubes with strong transverse coherence), each characterized with a complex Ginzburg-Landau [18] wavefunction c. Neighboring elements are Josephsoncoupled via ÀJcosð' i À' j Þ, where ' i denotes the phase of the wavefunction for the ith element (inset to Fig. 2b ), assumed to be constant over a finite segment of length d, and J is proportional to superconducting electron density c j j 2 . The coupled system is equivalent to a 2D spin model in the transverse plane.
As the Josephson coupling involves the transfer of charges, a natural consideration is the competing mechanism of the (Coulomb) charging effect, which is governed by two parameters, a c ¼ zJ/E c [19] and a r ¼ h/4e 2 R n [20, 21] , where the first parameter is the ratio of the Josephson coupling energy to the charging energy and the second parameter is related to the resistance parallel to the capacitance that is the source of the charging energy. Here z ¼ 6 is the number of nearest neighbors, E c ¼ (2e) 2 /2eC is the charging energy for a Cooper pair, e ¼ 6 is the dielectric constant of the zeolite frame (essentially that of aluminum phosphate), R n denotes the normal resistance (per square) in the ab plane, and C is the self capacitance of a conducting nanotube surrounded by other conducting nanotubes. Whereas the charging energy tends to suppress superconductivity as it would require the charge carriers (implied by the Josephson coupling) to be energetically activated, the parallel resistance tends to favor superconductivity since the latter enhances electron delocalization. In our sample, a r ¼ h/4e 2 R n ¼ 1.25 (for R n ¼ 5133 V/& as estimated below). For these values of a r superconductivity is known to always exist at low enough temperatures. But for a r ¼ 0 (i.e., normal resistance ¼ 1), the criterion for the existence of superconductivity is a c ! 1. Since C in this case is in the form of C 0 L, where C 0 is a dimensionless constant and L is the length of the conducting nanotube, for L ! 1 the charging energy is zero and therefore the condition a c ! 1 is always satisfied. Hence the condition a c ¼ zJ/E c > 1 may be translated into a requirement for the minimum length of the conducting nanotube segment in the limit of infinite (transverse) normal resistance. A finite element calculation yields C 0 ¼ 0.27, implying L ! 1.5 mm if the normal resistance is infinite. However, the existence of a finite and fairly low normal resistance in the present case, with a r ¼ 1.25, means a smaller lower bound for L.
In 2D spin systems, there can be a BKT transition involving the binding-unbinding of vortex excitations [22, 23] . It has been widely observed in superconducting thin films. More recently, the appearance of BKT transition was also reported in bulk 3D high T c superconductors [24] [25] [26] [27] [28] [29] .
We attribute the large resistance drop seen at 7.5 K, together with the vanishing of the transverse contact resistance below 6 K, to result from a BKT transition that establishes quasi long range order in the transverse plane [30] , leading to the quench of longitudinal fluctuations and the formation of 3D coherent regions connected by weak links. Global coherence is attained at even lower temperatures. It is known that the BKT transition occurs at a temperature below the main specific heat peak [31] [32] [33] [34] that reflects the growth of the transverse coherence. Hence this attribution is consistent with the previous specific heat results [3] . It should be noted that the present BKT transition is physically very different from the one with the same name presented earlier [35] . For our transverse-plane BKT transition, the effect of the magnetic field is mainly due to its influence on J through the suppression of superconducting electron density, which has the effect of both shifting T BKT to lower temperatures as well as diminishing the magnitude of the resistance drop associated with the transition.
In Fig. 4 , we show measured differential resistance plotted as a function of the current. A notable aspect of the data is the existence of two resistance plateaus at the large current limit, one at 1 kV and the other at 2.3 kV. The latter is associated with the BKT transition starting at 7.5 K. A particularly instructive curve in Fig. 4 is the one at 6 K (blue), which shows the bottom of the BKT transition's quasigap to coincide with the 1 kV plateau. This is consistent with the physical picture that the 1 kV resistance is associated with the weak links connecting the 3D superconducting regions. It also justifies treating the 1 kV plateau as the reference from which the BKT transition's transverse plane resistance is to be measured.
As the temperature is lowered below 7.5 K, a triangularshaped quasigap is seen to develop. The resistance in the I ! 0 limit, measured relative to the 1 kV plateau, is predicted to vary with temperature as [36, 37] RÀR S ¼ 10:8bR N expfÀ2½bðT c0 ÀT BKT Þ=ðTÀT BKT Þ 1=2 g for T > T BKT . Here R S ¼ 1.06 kV is the lower plateau resistance and T c0 ¼ 7.5 K is the mean field transition temperature below which there can be nonlinear IV characteristics. In Fig. 2b , we show our data to be in excellent agreement with the above prediction. The parameter values obtained are T BKT ¼ 6.17 K, b ¼ 0.48, and R N ¼ 0.98 kV for the normal sheet resistance.
As the measuring current I increases from 0, the triangular gap at T < T c0 ¼ 7.5 K means that there is a regime where R varies linearly as a function of I, implying V/I 2 . The progressive variation from a constant R at 7.5 K to a triangular quasigap (V/I 2 ) and then to a more rounded gap at below 6.5 K, is consistent with the BKT transition behavior of V/I a with an a varying from 1 (at the mean field transition temperature T c0 ) to 3 (at T BKT ) or larger with decreasing temperature [32, 38] . From our data a ¼ 3 occurs at 6 K < T < 6.5 K, which is consistent with our estimate of T BKT ¼ 6.17 K (Fig. 2b) . At 6 K and below, a smaller gap is seen to develop which is associated with the 1 kV weak link turning superconducting. At 2 K, a supercurrent gap becomes well-defined, together with the sharp peaks at the gap boundaries that signify the existence of a critical current density at which voltage first appears. Based on the physical interpretation presented above, we give some estimates of the relevant physical parameters.
(1) Josephson coupling energy J:
From pJ=k B T BKT % 1:12 (Eq. (58) in Ref. [5] ) and T BKT ¼ 6.2 K, we obtain J ¼ 0.19 meV.
(2) Critical Josephson current I c :
From I c ¼ 2eJ= h, we obtain I c % 0:092 mA.
(3) Normal resistance R n per square in the transverse plane: (9) in Ref. [23] ) and T BKT ¼ 6.2 K, T c0 ¼ 7.5 K we obtain R n ¼ 5133 V/&. This value has been used in calculating the value of a r ¼ 1.2 above. The value of R n should be compared with those of R N obtained from fitting the temperature dependence in Fig. 2b . Differences between the two are interpreted as being due to the (non-square) aspect ratio of the superconducting regions in the ab plane. From I c ¼ ½pDðT BKT Þ=2eR n tanh ½DðT BKT Þ=2k B T BKT (Ref. [39] ), we obtain DðT BKT ¼ 6:2 KÞ % 0:6 meV. gives the effective number of participating Josephson junctions contacted by the surface electrode. Since 0.129 mA is roughly the critical current I c estimated above (both are on the order of 0.1 mA), we take j c ¼ 1:37 nm to be the unit cell length, implying w % 382 nm along the transverse plane that is parallel to the sample-surface electrode interface. Along the depth direction (in the transverse ab plane but perpendicular to the surface electrode), we note that from the fit to the measured temperature variation of the resistance we have R N ¼ 980 V/2 ¼ 490 V (the factor of 2 comes from the consideration of the return path to the surface electrode). Since R n ¼ 5133 V/& as estimated above, a comparison between the two values implies an effective aspect ratio of Phys. Status Solidi B 247, Nos. 11-12 (2010) 2971
Original Paper Figure 4 (online color at: www.pss-b.com) Current dependence of the differential resistance. The supercurrent gap (i.e., the low resistance region) of 2 K disappears in stages when temperature increases. Above 6 K, transverse coherence deteriorates, and the shape of the quasigap is a reflection of the BKT transition's nonlinear I-V behavior at T < T c0 .
www.pss-b.com $10.5 between the width and depth. Therefore the effective sample size in the depth direction is $36 nm. Taken together, we estimate that there are $7460 nanotubes participating in the observed superconducting transition.
In Fig. 5 , we use the perpendicular field data of the sample plot a magnetic field-temperature phase diagram. Here yellow denotes the 1D fluctuating superconductor regime, the green line denotes T c0 and the blue line denotes T BKT , both associated with the BKT transition. Area colored by violet is the regime where one expects to see nonlinear I-V characteristics. Green is the regime in which the sample is characterized by inhomogeneous 3D superconducting regions connected by (normal) weak links. The bottom left corner is the regime of global coherence. Here symbols are data, with the connecting solid line used to delineate the different regimes.
The necessity of close electrode separations for the observation of superconducting behavior indicates that in most conducting nanotube samples electrons may be 1D localized, thus masking their intrinsic characteristics at the scale of 0.5 mm or larger. Here yellow, violet, green, and blue regions denote, respectively, from the upper right to lower left, the fluctuating 1D superconducting regime (1D-S), the nonlinear I-V regime, the regime in which the 3D superconducting regions are connected by weak links, and the global coherence regime (3D-S) which is at the inner most lower left corner.
